To improve the reliability and the thermal efficiency of LP (Low Pressure) end blades of steam turbine, new standard series of LP end blades have been developed. The new LP end blades are characterized by the ISB (Integral Shroud Blade) structure. In the ISB structure, blades are continuously coupled by blade untwist due to centrifugal force when the blades rotate at high speed. One of the probable failure modes of the ISB structure seems to be fretting fatigue, because the ISB utilizes friction damping between adjacent shrouds and stubs. Therefore, in order to design a blade with high reliability, the design procedure for evaluating the fretting fatigue strength was established by the model test and the nonlinear contact analysis. This paper presents the practical design method for predicting the fretting fatigue strength of the ISB structure, and the some applications are explained.
Introduction
New standard series of LP end blades of steam turbine have been developed to improve the thermal efficiency and the reliability. The new LP end blades are characterized by the ISB structure (1) . More than 15 types of LP end blades including the 3600 rpm 45 inch titanium blade and 1500/1800 rpm 54 inch blade have applied the ISB structure as shown in Fig. 1 , and successfully operated in many plants. In the ISB structure, blades are continuously coupled by blade untwist due to centrifugal force when the blades rotate at high speed. Therefore, the number of the resonant vibration modes can be reduced by virtue of the vibration characteristics of the circumferentially continuous blades, and the resonant stress can be decreased due to the additional friction damping generated at shrouds and stubs.
In order to develop the new LP end blades with high reliability, analysis methods for the vibration characteristics of the ISB structure were developed and their validity was confirmed before applying them to the blade design (2) (3) . Moreover, the final reliability of the developed blades has been confirmed by verification tests such as rotational vibration tests and actual loading tests, and these test results have been accumulated into the database (4) . The accuracy of the predicted frequency and the vibratory stress has been improved, using the database of the test results.
One of the probable failure modes of the ISB structure seems to be fretting fatigue, because the ISB utilizes friction damping between adjacent shrouds and stubs. Therefore, in order to design a blade with high reliability, the design procedure for evaluating the fretting fatigue strength was established, using the results of the fretting model test and the nonlinear contact analysis. This paper presents the practical design method for predicting the fretting fatigue strength of the ISB structure, and some applications are explained.
Analysis of Local Vibratory Stress at Contact Edge

Introduction of stick factor of shroud
In order to evaluate the fretting fatigue strength of the shroud when designing the ISB structure, it is necessary to obtain the local vibratory stress at the contact edge of the shroud by the nonlinear contact analysis including the friction effect (5) . In actual blade design, however, it is unpractical to calculate the local vibratory stress at the contact edge of the shroud every time by the nonlinear contact analysis. Therefore, in the method presented here, the nonlinear local vibratory stress at the contact edge of the shroud is evaluated, multiplying the linear local vibratory stress by the correction factor, which considers the friction between the shrouds. In other words, this correction factor, which is called the stick factor at the shroud hereafter, is defined as Eq. (1).
Where， v n, σ denotes the local vibratory stress at the shroud by the nonlinear contact analysis including the friction effect, and v l , σ the local vibratory stress at the shroud by the linear analysis, in which the adjacent shrouds are assumed to be completely stuck. The angles of φ and θ are the shroud contact angles, and the definition of the shroud contact angle is shown in Fig. 2 . T µ is the ratio of the shroud reaction force, P and the friction force, F T , and is called tangential force coefficient hereafter. The tangential force coefficient, T µ is defined as Eq. (2).
The procedure for obtaining the fretting fatigue strength and the stick factor α is shown in Fig. 3 . In order to evaluate the local vibratory stress at the contact edge of the shroud caused by these excitation forces, first, the linear response analysis is carried out, and the linear local vibratory stress, The detailed procedure to calculate the linear vibratory stress is describes below.
Analysis of resonant stress by modal analysis method
When the bladed disk system of the ISB structure is rotating in the circumferentially non-uniform flow, the equation of motion for the bladed disk system shown in Fig. 4 , can be expressed by Eq. (3).
,{U T }, and {P T } are the mass matrix, damping matrix, stiffness matrix, displacement vector and excitation force vector of the whole bladed disk system.
Although the detailed procedure to obtain the solution of Eq. (3) is not written here for lack of space, applying the cyclic symmetry method and the modal analysis method, and introducing the modal damping to Eq. (3), the resonant stress of the blade to the excitation force of engine order H can be expressed by Eq. (4) and Eq. (5) (6) . φ . The vector {P} is the amplitude of the excitation force acting on a blade, ω the angular frequency, and H α the inter-blade phase angle caused by the rotation of the bladed disk system. 
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Resonant stress caused by excitation force of lower engine order
Using the modal information obtained from 3D FEA, the resonant stress of the ISB can be calculated by Eq. (4), if the excitation force, {P} and the modal damping ratio, m ς are estimated in advance. Although the recent technology has made it possible to predict the blade damping analytically, the blade damping predicted from the test results for the similar blades is more accurate. Therefore, as for the blade damping, the database, which has been prepared by accumulating the results of the actual loading tests for similar blades, is utilized. On the other hand, even a latest CFD technology cannot predict the excitation force of the lower engine order due to the flow distortion caused by the asymmetry of the case, etc. Therefore, the database is also utilized in predicting the excitation force of the lower engine order. In developing a new blade, the resonant stress is predicted as shown in Fig. 5 , assuming that the distribution pattern of the excitation force on a blade is the same as that of the steady gas force and the magnitude of the excitation force is proportional to that of the steady gas force. The detailed procedure is as follows.
(1) Using Eq. (4) and Eq. (6), the resonant stress of the existing blades for which the actual loading test was done is calculated as σ cal .
Where, { } steady P is steady gas force, which can be calculated from steady CFD analysis. cal ς is a proper damping ratio, and the design value or empirical value can be used for cal ς .
(2) Using the resonant stress, measure σ and the damping ratio, measure ς measured by the actual loading test, stimulus (the ratio of the excitation force to the steady gas force) is calculated for each harmonic according to Eq. (7). 
Resonant stress caused by stage interaction force
In calculating the resonant response of a blade due to the nozzle wake excitation force, 3D CFD and 3D FEA are used. Figure 6 shows the procedure for calculating the resonant stress of the blade. This method is the almost same one as many published papers adopted (7) (8) , and the resonant stress is calculated as follows.
( The calculated value or empirical value is used for the blade damping.
Vibratory stress caused by random excitation force
Vibratory stress caused by random excitation force under low load and low vacuum condition may be predicted analytically if the random excitation force is known. However, it is very difficult to predict the random excitation force on a blade caused by inverse flow, flow separation, and so on. Therefore, the random excitation force is predicted by use of the database of the actual loading test as well as the excitation force of the lower engine order. In the actual loading test, the operation condition of the turbine load and the condenser vacuum was widely changed, and the random vibratory stress of the tested blade was measured with a strain gauge. The measured random vibratory stress was normalized as Eq. (9) by use of the modal stiffness and the modal damping of the blade, and so on. Finally, the normalized random vibratory stress, random A has been accumulated into the database. 
Where, sh rel , σ is the local vibratory stress at the contact edge of the shroud calculated by the FEA, and the subscript "new" refers to the newly developed blade. 
Results of Analysis and Measurement
Stick factor of shroud
The fretting model test was carried out under the loading cycles of 10 7 times by use of the model shroud, and the condition of the incidence of the fretting crack was examined by changing the shroud contact angle φ and θ . In the fretting model test, the shroud reaction force was adjusted so that the average contact pressure was around the design value. The relative slip between shrouds was adjusted so as to be an expected value of an actual turbine blade. The commercial FE package code ANSYS was used to calculate the nonlinear local stress at the contact edge of the model shroud, where the maximum tangential stress in the contact plane around the contact region was defined as the local stress at the contact edge of the shroud. In the analysis, first, the optimal mesh for the nonlinear analysis was selected by the parametric study on mesh size, where the convergence of the solution was examined, and the comparison between the calculated and measured stress was made. The optimal FEA mesh was determined from the results of the parametric study, and in all the analyses of the fretting fatigue strength of the shroud, the same FEA mesh was used. From the results of the nonlinear analysis of the fretting model test, it was found that the incidence of the fretting fatigue cracks can be discriminated by use of the local contact stress at the contact edge calculated by the nonlinear contact analysis including the friction effect.
Next, the results of the fretting model test were re-analyzed by the linear analysis, and the stick factor of the shroud was obtained by Eq. (1). Figure 7 shows an example of the stick factor of the shroud. In the linear analysis, the contact region, which was determined by the nonlinear contact analysis in advance, was assumed to be completely stuck, and no slips between shrouds occur. As shown in Fig. 7 , the larger the shroud contact angle φ and θ are, the larger the stick factor of the shroud is. This result shows that when the shroud contact angle φ and θ become large, the reduction effect on the local stress due to slip decreases, and the local stress at the contact edge increases. This is the reason why the fretting fatigue crack is easy to occur when the adjacent shrouds partially get contact with each other.
Calculated and measured blade deformation due to centrifugal force
For the ISB structure, a mechanical clearance exists between the shrouds at standstill. With increasing rotational speed of the turbine, the clearance reduces and the shroud connection is coupled above a certain speed. The static and dynamic local stresses at the contact edge of the shroud depend significantly on its real contact condition.
In the analysis of the blade deformation due to centrifugal force, the contact area, the contact stress distribution, etc. at the rated speed were evaluated by simulating the blade deformation from the standstill to the rated speed condition by the nonlinear contact 
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Vol. 2, No. 3, 2008 analysis. The commercial FE package code ANSYS was applied for the nonlinear contact analysis, and the friction coefficient between shrouds and stubs was assumed to be 0.5 based on the results of fretting model tests. Figure 8 shows the typical FE model of a low pressure end blade of a fossil steam turbine used in the deformation analysis due to centrifugal force. In order to predict the real contact condition of the shroud and stub, the fine mesh was applied to the contact surface of the shroud and stub. The fine mesh of the shroud and stub in Fig. 8 was determined by the parametric study on the mesh size for the fretting model test.
In order to verify the validity of the analysis of blade deformation due to centrifugal force, the blade deformation in rotation was measured and compared with the calculated one. In the measurement of the blade deformation, the stroboscope and the CCD camera were used to take the instant picture of the blade in rotation. Then, the blade deformation was calculated as the difference between the blade positions of the rotating and the standstill condition. Figure 9 shows the measurement system of blade deformation in rotation. Figure  10 shows the comparison of the measured and the calculated blade deformation, and the calculated result shows good agreement with the measured one. From these results, it can be said that the blade deformation caused by centrifugal force can be correctly predicted by the nonlinear contact analysis adopted here. Although the local vibratory stress of the contact edge at the shroud was not measured directly, it seems that the nonlinear contact analysis can predict it with practical accuracy because the blade deformation, which determines the boundary condition of the dynamic analysis, was predicted correctly. 
Calculated and measured vibration characteristics
In the ISB structure, the blade is brought into contact with the adjacent blades at the shroud and the stub. Because the ISB structure is cyclically symmetric and shows the vibration characteristics of the continuous ring type structure, in the vibration analysis only one blade is modeled and the eigenvalue analysis of Eq. (3) is first carried out by use of the cyclic symmetry method. When evaluating the fretting fatigue strength of the ISB structure, the cyclic condition, under which the shrouds and stubs are continuously coupled, is applied to the only real contact region of the shrouds and stubs calculated by the nonlinear contact analysis in advance. After the linear vibratory stress is calculated from Eq. (4) and Eq. (10) using the modal information obtained from the eigenvalue analysis, the real local vibratory stress at the contact edge of the shroud is calculated from Eq. (1). Figure 11 shows the comparison of the natural frequencies of the bladed disk of a fossil steam turbine for different cyclic conditions. In the partial contact case in Fig. 11 , the cyclic condition is applied to the only upper contact region of the shroud. On the other hand, in the full contact case in Fig. 11 , the cyclic condition is applied to the whole contact surface of the shroud. As for the stub, the cyclic condition is applied to the whole contact surface for both cases. In Fig. 11 , natural frequencies measured in the rotational vibration test are also plotted. Figure 12 shows the comparison of the local vibratory stress at the contact edge of the shroud for the real and full contact case. The comparison of the vibratory stress of the blade profile is made in Fig. 13 . From these results, it can be said that the cyclic condition of the shroud has little effect on the natural frequency and the vibratory stress of the blade profile, but is very sensitive to the local vibratory stress at the contact edge of the shroud. It is also observed in the fretting model test that the local vibratory stress at the contact edge of the shroud is sensitive to the shroud contact condition (the shroud contact angles of φ and θ ). From these results, it is concluded that it is indispensable to correctly predict the shroud contact condition for evaluating the fretting fatigue strength of the shroud. 
Evaluation of fretting fatigue strength
In the design of the ISB structure of a low pressure steam turbine, the fretting fatigue strength can be evaluated according to the procedure described in the above section. Figure  14 shows the fretting fatigue strength of a nuclear turbine blade. In evaluating the fretting fatigue strength, first, the resonant stress and the random vibratory stress caused by probable excitation forces were calculated. Second, the real vibratory stress at the contact From these results, it can be said that this blade has the sufficient fretting fatigue strength against the all kinds of vibratory stresses. Figure 15 shows the comparison of the fretting fatigue strength of a fossil turbine blade with the different shroud taper angles. In the case of optimal contact, in order to increase the fretting fatigue strength, the shroud taper angle is adjusted so that the shroud contact angles of φ and θ are nearly zero (surface contact condition) by making the shroud taper angle opposite to the contact angles calculated by the nonlinear analysis. For both of the original and the optimal contact case, the local vibratory stress at the contact edge of the shroud caused by the excitation force of the lower engine order is calculated, and the fretting fatigue strength is compared. From these results, it can be said that the fretting fatigue strength can be remarkably increased by setting the shroud taper angle opposite to those calculated by nonlinear centrifugal force analysis.
Conclusion
This paper, first, presents the procedure for evaluating the fretting fatigue strength of the ISB structure of a low pressure steam turbine. Second, the result of the fretting model test is re-analyzed to confirm the correlation between the calculated local stress and the incidence of the crack at the contact edge of the shroud. The shroud deformation due to centrifugal force is also measured in order to confirm the accuracy of the nonlinear contact analysis. From these results, it is shown that the fretting fatigue strength of the ISB structure can be evaluated with practical accuracy. The example of the evaluation of the fretting fatigue strength of the actual blade is illustrated, and it is shown that the fretting fatigue strength can be increased by setting the shroud taper angle opposite to the calculated contact angle.
The ISB structure developed by these technologies has been successfully operating in the field since the first application. Hereafter, the ISB structure will be applied not only for new turbines but also for any existing turbine refurbishment to improve the efficiency and the reliability.
